1. Introduction {#s0005}
===============

Plant growth in soil depends upon a number of biotic and abiotic factors. The thin layer of soil immediately surrounding the root of a plant is an extremely important area for root activity and metabolism and is known as the rhizosphere. It is home to a number of bacteria, fungi, protozoa and algae whereby bacteria outnumber the else by a huge margin. Plants select those bacteria which are beneficial for their growth by release of particular organic compounds through root exudates [@b0005] thus creating a very selective environment where only a limited species of bacteria can survive and hence diversity is low [@b0010], [@b0015]. This happens due to the corresponding ability of bacteria to utilize these compounds [@b0020]. Thus, rhizosphere acts as a unique ecological niche for each plant and those beneficial bacteria associated with plants are referred to as plant growth promoting bacteria. A number of bacterial species belonging to *Azospirillum, Alcaligenes, Arthrobacter, Acinetobacter, Bacillus, Burkholderia, Bradyrhizobium, Enterobacter, Erwinia, Flavobacterium, Pseudomonas, Rhizobium* and *Serratia* have been found to be associated with rhizosphere and are able to exert beneficial effects on plant growth [@b0025], [@b0030].

Indole-3-acetic acid (IAA) is the main member of auxins family produced by plants as it plays an important role in a number of plant activities such as leaf formation, embryo development, root initiation and development, abscission (falling of leaves), phototropism, geotropism, fruit development, etc. IAA helps in the enhancement of root length with increase in number of root branches, root hairs and root laterals that aid in uptake of nutrients from surrounding [@b0035]. Since IAA has been found to be very important for plant growth and development, extensive studies have been performed on IAA after its discovery as a plant hormone. It has been found out that different bacteria, fungi and algae are capable of producing physiologically active amounts of IAA. IAA is synthesized by plants and microbes via a number of interrelated pathways of which tryptophan dependent pathway is the best understood. [@b0040]. As plants grow, they release many water-soluble compounds such as amino acids, sugars and organic acids. So the rhizospheric bacteria get abundant supply of substrates required for secondary metabolite production of which IAA is one.

In this study, the one factorial approach has been employed for optimization by varying one factor and keeping all the others fixed during the trial. The aim of this study was to isolate IAA producing bacteria and to increase IAA production by varying different physiological parameters such as pH, temperature, carbon and nitrogen sources, so that we get the intended conditions at which the IAA production is maximized. IAA does not function as a hormone in microbial cells (PGPRs) but their ability to produce the same might have evolved because of its importance in plant microbe relationships. The present study reports optimization of growth parameters for IAA production by PGPRs isolated from rhizosphere of *Stevia rebaudiana.*

2. Materials and methods {#s0010}
========================

2.1. Isolation of bacteria from rhizospheric soil {#s0015}
-------------------------------------------------

Soil samples were collected from the BIT Medicinal plants garden and Institute of Forest Productivity, Garhkhatanga, Ranchi, Jharkhand. The intact plant with root was dug out carefully with 15 cm soil slab. The clumps of soil tightly bound to the roots were carefully stored in sterile polyethylene and used for isolation of PGPRs.

Standard tenfold serial dilution method was used for the bacterial isolation from the soil [@b0045]. Soil was air dried to remove the excess moisture. 1 gm of soil was suspended in 10 ml autoclaved distilled water and 1 ml of soil solution from each tube was passed on to the next tube and subsequently a dilution range of 10^−1^ to 10^−10^ was prepared. 50 μl of soil solution was spread on sterile nutrient agar plates and incubated at 37 °C for 24 h. Several bacterial colonies appeared whereby the morphologically distinguishable colonies were picked and streaked on nutrient agar plates. Re-streaking was carried on until pure cultures were obtained. IAA-producing isolates were selected by growing them in IAA production medium as described below. The isolate producing maximum amount of IAA was further selected for the optimization of IAA production. Finally, selected isolates were named according to their collection sites and analyzed for various plant growth promoting activities. Pure cultures were maintained in nutrient agar slants at 4 °C in sterile conditions for further use.

2.2. Characterization of IAA production {#s0020}
---------------------------------------

IAA production was detected by the method described by Brick et al. \[1991\] with some modification [@b0050]. 25 ml nutrient broth was inoculated with freshly grown cultures and kept at 37 °C for 36 h at 120 rpm in an incubator shaker. Cultures were centrifuged at 10,000 rpm for 15 min. at room temperature. Carefully 1 ml supernatant was pipetted out and 2 ml Salkowski reagent (2% 0.5 M FeCl~3~ in 35% perchloric acid) added. Further, two drops of orthophosphoric acid added to it and kept in dark for color formation. The optical density was recorded at 530 nm after 2 h. IAA concentrations were determined using the standard plot of IAA.

2.3. Standard assays {#s0025}
--------------------

Standard IAA was purchased from HiMedia and different concentrations (25, 50, 100, 150, 200, 250 and 300 µg ml^−1^) were prepared in distilled water. For color formation, Salkowski reagent was added to different dilution of IAA (1:2) followed by the addition of two drops of orthophosphoric acid and kept in dark. Spectrometry measurements were made at 530 nm and standard curve was plotted.

2.4. IAA production and optimization of production parameters {#s0030}
-------------------------------------------------------------

For IAA production, the culture medium was inoculated with 24 h grown cultures (O.D 0.5) of isolates CA1001, CA2003 and CA2004. Four different parameters viz. Temperature, pH, carbon source and nitrogen source were taken for the study. The basic IAA production medium consisted of the peptone 10 g l^−1^ yeast extract 6 g l^−1^ and NaCl 5 g l^−1^. All cultures were incubated at 37 °C at 120 rpm for 36 h for observation. pH is one of the most important physicochemical parameters for IAA production. A range of pH 5--9 was examined for its effect on IAA production by different isolates. Temperature is also an important parameter for IAA production since the growth of bacteria affected by low or high temperature and IAA production is dependent upon the correct growth of microorganism. Thus, its production was tested at 25, 30, 35, 37, 40 and 45 °C at 120 rpm. Five different sugars viz. Dextrose, mannitol, sucrose, mannose and starch at different concentrations of 0.5%, 1.0% and 1.5% were tested. Different nitrogen sources viz. beef extract, soybean meal, urea, glycerine, nicotinic acid, ammonium nitrate and potassium nitrate at varying concentrations of 0.50%, 0.75%, 1%, 1.25% and 1.50% were used for the study. Quantification of IAA production was performed through the standard plot.

2.5. Effect of selected isolates in crop plants for plant growth activities {#s0035}
---------------------------------------------------------------------------

Seeds of three crop plants viz. mungbean (strain no-SML66), sorghum (strain no-CSH2255) and millet (strain no-A404) were procured from Department of plant breeding, Birsa Agricultural University, Kanke, Ranchi, Jharkhand and seeds of wheat were purchased from market.

Healthy seeds were sterilized by washing them with tap water to remove all the dirt and dust followed by washing twice with distilled water to remove any tap water. Then seeds were treated with a 0.2% solution of a fungicide Bavistin for 2--3 min followed by dipping them in 0.1% of HgCl2 for 2--3 min. Seeds were then washed with 70% ethanol 3 times followed by rinsing them with autoclaved distilled water 5 times. The selected PGPRs were grown in nutrient broth for 18 h at 37 °C in an incubator shaker at 120 rpm. The surface sterilized seeds were inoculated in broth culture of the three PGPRs for 5--6 h. MS medium was prepared and 100 ml was poured in 500 ml conical flask. 5 seeds for each crop plant were then washed in autoclaved distilled water to remove broth and placed at a equal distance in the flask using sterile forceps. Uninoculated seeds were treated with distilled water and worked as control. Flasks were plugged using sterile cotton plug and kept in the plant growth chamber at 25 °C for 30 days. After 30 days flasks were taken out and plants were carefully uprooted. The shoots and roots were separated and dried in an oven at 68 ± 2 °C for 48 h to calculate the dried root and shoot biomass.

3. Results and discussion {#s0040}
=========================

Isolates were screened for IAA production. Out of twenty isolates (not shown here) of plant growth promoting rhizobacteria (PGPRs), three were selected as efficient producers of IAA; hence they were used for optimization of IAA production. All three isolates produce IAA in the presence of tryptophan, but in this study medium was kept devoid of any tryptophan because peptone contains tryptophan and in earlier qualitative tests these isolates were able to produce IAA in the absence of tryptophan.

Lower pH limits the growth of plants, as concentration of metal ions could reach toxic levels in the soil at low pH [@b0055]. A number of physiological and metabolic processes taking place in the rhizosphere can be affected by soil pH and metal cations present in the vicinity, therefore, impact of pH range of 5--9 was only checked for IAA production ([Fig. 1](#f0005){ref-type="fig"}). CA1001 was able to produce good amount of IAA throughout the pH range tested, which varied from 74.3 µg ml^−1^ at pH 5 to 91.7 µg ml^−1^ IAA produced at pH 9.Fig. 1Effect of pH on IAA production by PGPR \[bar = mean ± SD\].

For isolate CA2003 at pH 5 it showed maximum production (73.71 µg ml^−1^) and started decreasing when moved through the pH range 6--9. Least production was 15.33 µg ml^−1^ observed at pH 9. CA2004 produced 21.16 µg ml^−1^ of IAA at pH 5 and produced maximum 53.06 µg ml^−1^ of IAA at pH 6 and then the production decreased with subsequent increase in pH. Bharucha et al. \[2013\] showed the maximum IAA production at pH 7.5 in *Pseudomonas putida* UB-1 [@b0060] whereas Shanti et al. \[2007\] suggested that production varied between pH 6.4 and 7.8 [@b0065] and maximum was observed at 7.2. pH range of 6--8 was also found optimum by Sachdev et al. \[2009\] with maximum production at pH 8 [@b0070].

The effect of temperature was studied in the range 25--45 °C whereby maximum yield (84.3 µg ml^−1^) was observed at 37 °C by isolate CA 1001 ([Fig. 2](#f0010){ref-type="fig"}). Similar result was shown in other studies [@b0070], [@b0075] where 37 °C was the best temperature for IAA production for *Rhizobium* and *Bacillus* spp.Fig. 2Effect of temperature on IAA production by PGPR \[bar = mean ± SD\].

The carbon sources that are used in production of secondary metabolites have profound effect on the overall efficiency of biosynthesis. Five different sugars (dextrose, sucrose, mannose, mannitol and starch) were used in this study to check their effect on IAA production \[[Fig. 3](#f0015){ref-type="fig"}A--E\].Fig. 3(A--E) -- Effect of different sugar sources on IAA production by PGPR \[bar = mean ± SD\].

Dextrose was found as the best carbon source \[[Fig. 3](#f0015){ref-type="fig"}(A)--(E)\] producing 104 µg ml^−1^ IAA at 1% and 103 µg/ml at 1.5% concentration of Dextrose for isolate CA1001 followed by starch and mannose. For isolate CA2003 dextrose was the best sugar source producing 50 µg ml^−1^ followed by mannose and mannitol. IAA production declined to 7 µg ml^−1^ in case of starch at 1.5%. For isolate CA2004 best sugar was found to be dextrose followed by mannose and mannitol. Monosaccharides were better sources than disaccharides and polysaccharides. Therefore dextrose was found as the best sugar source for IAA production. Studies by Shanti et al. \[2007\] and Sridevi et al. \[2008\] on bacteria have suggested that individual carbon sources affect the IAA production [@b0065], [@b0080]. Studies on carbon sources suggested that effect of different concentrations of sugar sources in basal media was different due to variable utilization of sugars by bacteria during their growth.

Utilization of varied nitrogen sources showed varied response for production of IAA. Source of inorganic nitrogen as ammonium nitrate by isolate CA 2004 showed production of 51 µg ml^−1^ at 0.75% and a very similar production 48 and 49 µg ml^−1^ at 0.5% and 1% respectively. Isolate CA 2004 showed production of 48 µg ml^−1^ IAA at 0.75% potassium nitrate. Among organic sources, Beef extract and nicotinic acid showed better production compared to soyabean meal and glycine as nitrogen sources. Isolate CA 2004 showed the best production of IAA 36 µg ml^−1^ and 34 µg ml^−1^ at 1.5% and 1% beef extract respectively. Isolate CA 1001 showed 32 µg ml^−1^ production of IAA at 0.5% nicotinic acid concentration.

Impact of nitrogen sources on IAA production was studied by addition various nitrogen sources such as beef extract, urea, soyabean meal, glycine, nicotinic acid, ammonium nitrate and potassium nitrate at the concentrations of 0.5%, 0.75%, 1%, 1.25% and 1.50% \[[Fig. 4](#f0020){ref-type="fig"}(A)--(G)\].Fig. 4(A--G) Effect of nitrogen sources on IAA production by PGPR \[bar = mean ± SD\].

In case of Isolates CA1001 and CA2003, IAA production declined when nitrogen sources were used. The best nitrogen source was found to be the beef extract followed by soyabean meal and urea. When inorganic nitrogen sources were used, no growth was observed in case of isolates CA1001 and CA2003 whereas nicotinic acid acted as a growth inhibitor when concentration was increased from 1 to 1.5%. At low concentrations of 0.5%, isolate CA1001 was able to grow and IAA production was measured at 32 µg ml^−1^ whereas isolate CA2003 and CA2004 showed very little to no growth on nearly zero production of IAA. Isolate CA2004 gave best results in case of nitrogen sources. IAA production was about 45 µg ml^−1^ when ammonium nitrate and potassium nitrate were used whereas it was in range of 20--35 µg ml^−1^ consistently in case of beef extract, soyabean meal and urea. Studies for nitrogen sources showed that ammonium chloride to be the best nitrogen source for *Acetobacter diazotrophicus* and IAA production by *Pseudomonas fluorescence* to be 48 µg ml^−1^ [@b0090]. Another study by Balaji \[2012\] showed yeast extract (210 µg ml^−1^) as the best nitrogen source for *Pseudomonas* species and IAA production to be 18.08 mg l^−1^ when soyabean meal was used as the nitrogen source [@b0095]. Recent study [@b0100] reported a 13.4-fold improvement in IAA production by Enterobacter sp. DMKU-RP206. Enterobacter sp. DMKU-RP206 produced a higher amount of IAA than previously reported for the genus Enterobacter. 0.85% of lactose as a carbon source, 1.3% of yeast extract as a nitrogen source, 1.1% of l-tryptophan as a precursor, 0.4% of NaCl, an initial pH of 5.8, an incubation temperature at 30 °C, and a shaking speed of 200 rpm were found to be the optimum conditions for IAA production. In a similar study [@b0105] antagonistic *Pseudomonas aeruginosa* PS24 showed multiple plant growth promoting attributes such as phosphate solubilization activity, indole acetic acid (IAA), siderophore, and HCN production. Another recent study [@b0110] showed the production of IAA by enteric bacteria *Salmonella* which is also colonizing plant tissues and help in interaction with plants and animals which also provides new incentives to gain insight into the function of this plant hormone in a larger biological context. The results of this work suggest that the *Salmonella ipdC* (indole-3-pyruvate decarboxylase) contributes to the production of IAA in laboratory cultures and this gene is expressed during root colonization, and that the product of the reaction involving *IpdC* activates plant auxin-responsive promoter.

To study the effect of PGPR on plant growth, seeds of different crop plants were treated with isolates CA 1001, CA2003 and CA2004. Isolates CA1001 and CA 2004 showed better response on treating the seeds of mungbean with production of 39.33 mg of dried root biomass compared to control as 16.66 mg in mungbean plant, whereas in wheat it was 19.66 mg by isolate CA1001. Isolate CA2004 also showed correspondingly good result in mungbean plant with generation of 36.66 mg of dried root biomass. And there is higher root biomass produced as compared to wheat and sorghum. Isolate CA 2003 gave better result in wheat and Sorghum with generation of 14.66 mg and 11.33 mg of dried root biomass respectively. Similarly, dried shoot biomass of 43 mg and 41 mg were also obtained in mungbean plant when seeds were treated with isolates CA 1001 and CA 2004 respectively followed with 19.6 mg in wheat. In millet and sorghum no prospective results were obtained.

The property of IAA production by rhizobacterial isolates is considered as effective tool for screening beneficial microorganisms and they have profound effect on plant growth [@b0115]. Previous studies also confirmed the involvement of rhizobacterial isolates in enhancing the plant growth by synthesizing IAA. Root elongation was found to occur in *Sesbania aculeata* by inoculation with *Azotobacter* spp. and *Pseudomonas* spp., in *Brassica campestris* by *Bacillus* spp [@b0120], in *Vigna radiate* by *Pseudomonas putida* [@b0125] and in *Pennisetum americanum* by *Azospirillum brasilense* [@b0130]. Effect of IAA producing isolate was also observed in *Solanum lycopersicum*, [@b0135] where it significantly increased the shoot and root biomass and chlorophyll (a and b) contents as compared to control plants. In another study [@b0140] PGPR applications had desirable effects on plant growth. It revealed the effect of *P. aeruginosa* strain (AK20 and AK31), *P. fluorescens* strain (AK18 and AK45) and *B. subtilis* strain (AK38) in rice, caused significant variations between weight and length of shoot and root (see [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}).Fig. 5Effect of varied isolates on root biomasss production.Fig. 6Effect of varied isolates on shoot biomasss production.

4. Conclusion {#s0045}
=============

Present study showed that maximum yield of IAA was obtained at pH 9 (91.7 µg ml^−1^) and at temperature 37 °C (81.7 µg ml^−1^) by isolate CA1001. Dextrose (1%) was found to be the best carbon source for isolate CA1001 with 104 µg ml^−1^ IAA production. Isolate CA 2004 showed maximum production of 51 µg ml^−1^ IAA at 0.75% ammonium nitrate. Isolate CA 2004 showed best production of IAA 36 µg ml^−1^ and 34 µg ml^−1^ at 1.5% and 1% Beef extract respectively. Isolate CA 1001 showed 32µg ml^−1^ production of IAA at 0.5% nicotinic acid concentration. From the current study, CA1001 and CA2004 emerged as noble alternative for IAA production further which also resulted in root and shoot biomass generation in crop plants, hence can be further used as bio-inoculants for plant growth promotion. Further studies are required to explore more on production of IAA by rhizosheric bacteria and study their effect on various crop plants in the field where plants are exposed to various abiotic and biotic factors.
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